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^ Abstract 

!>■ 

^) We analyze the importance of flavor effects in models in which leptogenesis 

On proceeds via the decay of Majorana electroweak triplets. We find that depending 
on the relative strengths of gauge and Yukawa reactions the B — L asymmetry 

^^ can be sizably enhanced, exceeding in some cases an order of magnitude level. We 

(^ also discuss the impact that such effects can have for TeV-scale triplets showing 

^-H that as long as the B — L asymmetry is produced by the dynamics of the lightest 

^ such triplet they are negligible, but open the possibility for scenarios in which the 

*k> asymmetry is generated above the TeV scale by heavier states, possibly surviving 

;_] the TeV triplet related washouts. We investigate these cases and discuss how they 



can be disentangled by using Majorana triplet collider observables and, in the case 
of minimal type III see-saw models even through lepton flavor violation observables. 
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1 Introduction 

Measurements from light element abundances and the cosmic microwave background ra- 
diation allow to determine the cosmic baryon asymmetry, Ya^ = (8.75 ±0.23) x 10~^^ [1]. 
The conditions under which this asymmetry can be dynamically generated (baryogene- 
sis) are well known [2] and depending on how they are realized different mechanisms for 
baryogenesis can be defined [3|. 

Leptogenesis is a mechanism in which an initial lepton asymmetry is partially repro- 
cessed into a baryon asymmetry by nonperturbative sphaleron interactions |1]. Qualita- 
tively a net non-zero lepton asymmetry can be generated in any framework containing 
interactions that: (z) break lepton number; {ii) violate CP; [iii) depart from thermal equi- 
librium at some stage in the cosmic evolution. In principle, these conditions are satisfied in 
any neutrino mass model in which light neutrinos acquire Majorana masses and therefore 
in leptogenesis two unrelated puzzles, the origin of the Cosmic baryon asymmetry and of 
neutrino masses, are linked together. In the standard approach, in which light neutrinos 
acquire Majorana masses via the type I see-saw model [5], leptogenesis takes place via 
the CP violating out-of-equilibrium decays of heavy standard model fermionic singlets [B] . 
This scenario for leptogenesis has been widely discussed in the literature [7] and indeed 
a lot of progress in the understanding of the generation of the lepton asymmetry within 
this scenario has been achieved [8l|9l[l0l[IIl[l2l[l3l[I2[l5]. 

Given that qualitatively the conditions for producing a lepton asymmetry are also 
fulfilled in other see-saw realizations (type II ^E\ and type III [TTj) one is tempted to 
extend the standard type I analysis to these cases, and in fact studies of such scenarios 
have been considered [IHl [iHl EQl EH |22l 123] . In these models the lepton asymmetry is 
generated via the dynamics of either a scalar (type II) or a Majorana fermion (type III) 
SU{2) triplet and thus the major difference between these cases and the standard one 
arises from the fact that both, the scalar and fermion, couple to standard model (SM) 
gauge bosons. At high temperatures gauge reactions are much faster than the expansion 
rate of the Universe implying that no asymmetry can be generated at this stage. As 
the temperature drops, thermalization of the triplet distribution becomes less efficient 
and depending on the strength of the Yukawa interactions the generation of the lepton 
asymmetry can proceed either after the decoupling of gauge reactions or after the Yukawa 
interactions freeze-out |21j . 

In this paper we focus on leptogenesis in type III see-saw (fermionic triplet lepto- 
genesis). In particular, we analyze the dynamics of lepton flavor in the generation of 
the lepton asymmetry and the implications that such effects could have for TeV-scale 
triplets. As in the standard case when the lightest triplet mass (M^-J is below 10^^ GeV 
the charged lepton Yukawa interactions that are sufficiently fast project the lepton and 
anti-lepton quantum states produced in Ti decays into their flavor components before 
they can re-scatter [HI [THl [H]. In the standard case the fermionic singlet dynamics is 
completely determined by Yukawa reactions and accordingly the impact of flavor effects 
becomes well pronounced. In contrast, in the fermionic triplet leptogenesis case, since the 
dynamics of the triplet is not completely determined by its Yukawa interactions, it is not 
entirely clear whether light flavor effects could yield a sizable enhancement of the final 



lepton asymmetry regardless of the strength of the Yukawa reactions. Here we will show 
that the inclusion of flavor may in general produce an enhancement of the asymmetry, but 
that relevant effects are possible only when the strength of the triplet Yukawa interactions 
are such that they are still active when gauge reactions decouple. 

In the case of a quasi-degenerate fermionic singlet mass spectrum the resonant en- 
hancement of the CP violating asymmetry allows for successful leptogenesis even when 
the fermionic singlet masses are well below 1 Te V [211 [2S] ■ In fermionic triplet leptoge- 
nesis on the other hand, the efficiency due to gauge reactions strongly depends on M^^ 
and it is drastically diminished when 0{Mtt) ~ TeV. In the one flavor approximation in 
ref. [23] it was pointed out that this constraint in conjunction with sphaleron decoupling 
implies that the correct amount of baryon asymmetry can only be generated for Mt^ > 
1.6 TeV. As we will show, as long as leptogenesis proceeds through Ti dynamics, this 
bound remains valid even when flavor effects are accounted for. However, this does not 
necessarily imply that the observation of fermionic triplets at the LHC would exclude the 
possibility of successful leptogenesis. Once flavor effects are taken into account the pos- 
sibility of high scale leptogenesis remain plausible. As will be discussed, in that case, the 
B — L asymmetry produced above the TeV-scale (e.g. in T^ decays) can survive Ti related 
washouts only for particular flavor structures. These structures constrain the dynamics 
of Ti leading to experimental signatures which could be used to constrain leptogenesis 
models. 

The rest of this paper is organized as follows. In section [2] we discuss the generalities 
of type HI see-saw and review the generation of the B — L asymmetry in the one flavor 
approximation, we also determine the regions where Yukawa reactions remain active after 
gauge interactions decouple. In section |3] we study the generation of the flavored B — Li 
asymmetries showing how the inclusion of light flavors in the analysis may impact the 



final asymmetry. Section 3.1 is devoted to the analysis of high scale (T2) leptogenesis, sec- 



tion 3.2 to the possible collider patterns of Ti, induced by requiring that the asymmetry 



generated at a higher scale survive Ti related washouts, and in section |3.3| we discuss the 
interplay between conditions for successful high scale leptogenesis and lepton fiavor vio- 
lating observables present in minimal type HI see-saw models. In section |4] we summarize 
and present our conclusions. In appendix |A] we present our conventions and definitions 
used in our numerical calculations. 



2 Generalities 

From a bottom-up approach the type HI see-saw model is a simple extension of the SM 
that contains N^ additional fermionic SU{2) triplets (T^) with vanishing hyp er char ge FJ 
In the basis in which the Majorana mass matrix for the triplets Mt^ is real and diagonal 
the interactions induced by the new states are given by the following Lagrangian 

£t = ^ Tr T^IpT^ - KJ^T^H - ^Tr TICMt^T^ + h.c. , (1) 



"'^Consistency with neutrino data [5S] requires at least two triplets. However, apart from this constraint, 
the number of fermion triplets is arbitrary. 



where £ = iy^l)'^ and H = (/i+,/i°)'^ are the lepton and Higgs SU{2) doublets {H = 
iT2H*). The triplets can be written as a matrix 

^" - ^'^' - (A- ^f ) • P) 

where T° = T^, T^ = (T^ =p iT'^)/y2 and C is the charge conjugation operator. In this 
notation, the covariant derivative is defined as Z)^ = d^ — igT^W^/2. The Greek indices 
a,P . . . = 1,. . . ,Nt are used to label the different fermionic triplet generations, Latin 
indices i,j, ... for the lepton fiavors e,fi, t. 

The Majorana triplets' mass terms break lepton number and thus, after electroweak 
symmetry breaking, induce Majorana neutrino masses for the left-handed neutrinos. In 
the basis (^'Li,T^), where the heavy neutrino mass matrix is diagonal, the neutral (3 + 
Nt) X (3 + Nt) fermion mass matrix reads 

where v is the SM Higgs vacuum expectation value, f ~ 174 GeV. Accordingly the effective 
light neutrino mass matrix is given by 

m,'" = -v^X ■ Mt ' ■ A^ . (4) 

In general the Yukawa coupling matrix A is a complex 3 x N^ matrix in fiavor space and 
therefore contains new sources of CP violation, as can be clearly seen by expressing A by 
means of the Casas-Ibarra parametrization [27] : 



X = U* ^/rh^RyMT , (5) 

which ensures that the correct low energy parameters are obtained. Here U is the leptonic 
mixing matrix which diagonalizes the effective neutrino mass matrix mv^^^ and is fixed 
by low energy observables (three light neutrino mixing angles, one Dirac and one or two 
Majorana CP violating phases). The matrix R is an orthogonal complex matrix defined 
by Nt{Nt — 1)/2 complex parameters. 

The CP violating sources contained in A induce two-body CP violating decays of T^. 
The tree level decay width for these processes reads 

3 

where 

rhic, = -^j—K^Ka and m„ = ^ ffna . (7) 

° i=e,fi,T 

In terms of rtsl) these parameters are determined by low energy observables and by the 
entries of the matrix R. Given that such entries can be arbitrarily large, without affecting 
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Figure 1: Diagrams generating the flavored CP violating asymmetries e^^ . 



the hght neutrino masses, hght triplets (O(TeV)) not necessarily imply small values of 

The CP violating asymmetries for T^ decays into ij lepton flavor arise, as in type I 
see-saw [28], through the interference between the tree level and the one- loop vertex (V) 
and wave- function (W) diagrams (see flg. [I]). The corresponding expressions are given by 

wl^ rm^ ^^'^^^' 



e^ 



^-fc ^^'^)^ 



£,(w) _ 1 >r- Im{[(AtA)„/3 + yw^(AtA)^«]A*^Aj„} 



^^- Svr £- (AtA),„ 

where u^ = M^ /M^ and the loop functions are given by 

\ UJp J 
Up - 1 



9{^p) , (8) 



9M = ... .^. , .2 ' (9) 



(up - 1)2 + a 



/3 



with ar^ = r^/M^. In the case of a quasi-degenerate triplet spectrum {y/uJp ~ 1 -|- op^) 
the wave-function piece is resonantly enhanced. In such cases, depending on the size of 
the CP violating phases, the flavored CP asymmetries, entirely determined by the wave- 
function piece, can be 0{1) (see ref. [211 125] for a thorough discussion of such possibility 
within type I see-saw). In the case of a hierarchical triplet spectrum {up ^ 1 with /3 > a) 
ar^ can be neglected and the loop functions expanded in powers of w^^. At leading order 
the flavored CP violating asymmetries can be expressed as 



^7r(AtA)„„ 



^Im 



(AU)^ ^ (AtA)^, 



W/3 Z^Up 



X*sXja . (10) 



Some comments are in order regarding the different terms in this expression. Since the 
term ^^(A'''A)q,^(A'''A)^q is real, the flrst term only contributes to the flavored CP violating 
asymmetries [HI |2B] • Although, apart from the kinetic term, the Lagrangian in eq. (fTl) 
has the same structure as the Lagrangian in type I see-saw, the contractions of the SU(2) 
indices in the Yukawa interaction terms are different and consequently the second term 
in (10) is a factor 3 smaller than the corresponding one in the standard casa^ 
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In contrast to the type I see-saw case, due to these contractions, there is a relative sign between the 
wave-function and vertex pieces. Thus, at leading order, er^ — )• l/y/uJp whereas e^? — > —Xj^JuTji 



In the strongly hierarchical limit, where the first term in (10) can be neglected, and 
assuming a normal hierarchical light neutrino spectrum it can be shown that as in the stan- 
dard case there is an upper bound on the fiavored CP violating asymmetries, namely [10] 

e^ < 10-^ ( ^^- \ (^^\ ^ (11) 



Finally, the total CP violating asymmetry can be obtained from (10) by summing over 
the fiavor index j [21] 

. - 1 V 1 Jm[(AtA)^J 
^" IQ-n^^p (AtA),, • ^ ^ 

The major quantitative difference between the standard leptogenesis scenario and 
fermion triplet leptogenesis lies in the fact that fermion triplets couple to SM gauge 
bosons. At 2 = Mt/T <^ 1 gauge reactions thermalize the triplet distribution meaning 
that no asymmetry is produced at high T. Gauge reactions decouple at temperatures 
when 

^ - ^^ < 1 (13) 

where 7^1 is the gauge reaction density, H is the expansion rate of the Universe and n-^^ 
is the equilibrium triplet number density (see appendix [A)). Thus, if at this stage inverse 
decay processes CH — )■ T are decoupled as well {^D/rif^^H < 1, where ■jd is the decay 
reaction density), the CP violating out-of-equilibrium decays of the triplets will produce 
a. B — L asymmetry. Conversely, if inverse decays are still active when gauge reactions 
decouple the B — L asymmetry will be generated at lower temperatures, after inverse 
decays switch off. Since ^aIid ~ 9'^ I^t'^-, as Mt decreases only large values of m are 
able to mantain inverse decays active after gauge reaction decoupling takes place. Fig. 
[2] shows an illustrative example where it can be seen that for Mj- = 10^^ GeV, inverse 
decay processes are still active after gauge interaction decoupling provided m ~ 5 x 10~^ 
eV, whereas for Mt = 10^° GeV this occurs for a m an order of magnitude larger. 
Independently of how leptogenesis proceeds, a precise determination of the generated B—L 
asymmetry requires a numerical treatment of the corresponding Boltzmann equations, 
which we now discuss in turn. 

2.1 Generation of the B — L asymmetry 

Although in this section we will focus on the case in which the asymmetry is generated 
along one specific fiavor direction, we will write fiavor dependent Boltzmann equations 
as they will be used in sec. pi Considering only triplet annihilations (mediated by SM 
gauge bosons), decays (induced by the Yukawa couplings A) and AL = 2 scatterings 
{(.jH^ -H- (.iH^ and JjH -H- JiH) r the network of fiavor dependent Boltzmann equations 

^Although we work at O(A^) the inclusion of these processes is mandatory to obtain Boltzmann 
equations with the correct thermodynamical behavior [29j . 
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Figure 2: Evolution of gauge and Yukawa reaction densities (7^, 7d) with z. The horizon- 
tal black line indicates when do either gauge or Yukawa reactions go out of equilibrium. 



at (9(A^), assuming a vanishing Higgs number asymmetry [12], can be written as 
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(14) 



(15) 



Here Za = Mt^/T, Yx = nx/s and 1a, = 1as/3_i,^ with Yz,^ = 2F4 + Ye^ (the lepton 
asymmetry distributed in left and right handed degrees of freedom). The flavor projectors 
Kia are defined as follows [T2]: 



Ki. 



(AUU 



mi 



rrir 



(16) 



note that y^i_„ „ .^ -ft'ja = 1. The numerical coefficients Cf,, that relate Ye, with Ya, 
according to [11] 

^^. = -E4^A,, (17) 



couple the different differential equations in ( 15 ) and are determined by the reactions that 



at a certain temperature regime are in equilibrium [HI [HI [ID] , finally 

i=e,fj,,T 



By integrating eq. (15) the resulting YAg_^ asymmetry can be expressed according to 
(see appendix |A|) 
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Figure 3: Efficiency factor as a function of rhx in the flavor aligned case (left panel) and 
regions for which gauge interactions freeze out after (lower region) and before (upper 
region) Yukawa reaction decoupling (right panel). 



where the factor 3 accounts for the three SU{2) degrees of freedom of the triplets and 
rjia denotes the efficiency factor that accounts for the T^, generated asymmetry in flavor i 
that survives washouts. In the case of a hierarchical spectrum (Mr^ <^ Mj-^^ J, neglecting 
the dynamics of the heavier triplets, leptogenesis proceeds entirely through Ti dynamics. 
Compared with the standard case the amount of Y/\g_j^ is smaller and its value can strongly 
depend on Mt^ (depending on the size of mi). In order to demonstrate this we have 
numerically solved eqs. ( 14 ) and ( 15 ) assuming alignment along flavor j {Kji 



with Cfj 



Jji, 



and 



5ij. Figure 3^ (left panel) shows the evolution of the efficiency factor {r]) with 






nil 



for several values of M^i • It can be seen that the dependence on M^^ is stronger for small 
values of rhi and less pronounced as rhi increases, being completely independent of Mt-^ 
for large values of mi, which means there is a m™" above which leptogenesis proceeds as in 
the standard case Q This implies that although gauge processes introduce a dependence 
on the triplet mass this dependence disappears as soon as the gauge interactions are 
subdominant with respect to Yukawa reactions. Thus, in the fermionic triplet leptogenesis 
the generation of the B — L asymmetry can proceed either in a region determined by the 
condition mi < m™™ or conversely in a region defined by mi > m™™. The determination 
of m™™, for a given triplet mass, can be done as follows. From the gauge decoupling 

ZA-dec at which gauge reactions go out of 
can be computed by requiring that the 



condition ^aI"^t^^ ^ 1 the corresponding z = 

equilibrium can be calculated. The value m° 

Yukawa interactions are still active at z^-dec i-e (7D/'n.^^-f^)|2=2^_dcc ~ ^- Figure 

the values (mi,MTi) for which the B — L asymmetry either depends on Mt^ 

region") or is entirely determined by mi ("Yukawa region"). 
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*In standard leptogenesis at 0{\'^) the efficiency does not depend on the fermionic singlet mass at all. 



3 Including Flavor 

Flavor effects become relevant at temperatures below 10^^ GeV when bottom and tau 
Yukawa interactions enter into thermodynamic equilibrium |8l [TOl [11]. For definiteness, 
from now on, we will focus in the temperature window 10^ GeV < Mt^ < 10^^ GeV at 
which, in addition to the bottom and tau Yukawa processes, also electroweak sphalerons 
are already in thermal equilibrium. In this regime the B — L asymmetry is distributed 
along Ir and £i (an admixture of muon and electron flavors). The determination of the 
total asymmetry in this case is therefore a two flavor problem (£,-, li) and the network 



of Boltzmann equations in (14)-(15) consist of three coupled differential equations in the 
variables 1^^, 1a^ and Y^i where the flavored asymmetries are coupled by the flavor 
coupling matrix [TT] 

^ - 460 V-9 156 J ' ^^"^ 

obtained from the chemical equilibrium conditions imposed by reactions that in the cor- 
responding temperature window are faster than the expansion rate |30]. According to 
the discussion of the previous section, in triplet fermion leptogenesis the asymmetry can 
proceed in one of the two following regimes: (a) Gauge reaction decoupling takes place 
after Yukawa induced inverse decays have gone out of equilibrium - "gauge region" ; (6) 
Gauge reactions freeze-out when inverse decay processes are still active - "Yukawa re- 
gion". In scenario (a) since the the triplet abundance is efficiently diminished by gauge 
boson mediated annihilations the effects of flavor are expected to be small, or even negli- 
gible. Instead, in scenario (6) since at zi ^ 1 the dynamics of Ti is entirely determined 
by Yukawa reactions, flavor effects may be sizable and can be prominent as long as 






A 



> |eyj and Kji <^ Kn . (21) 



In order to show this is in fact the case, we have calculated the evolution of the Y^g_j^{z) 
asymmetry for Mt^ = 10^^ GeV and fhi = 2 x 10~^, 5 x 10~^ eV by numerically integrating 



eqs. (14) and (15), and assuming the following flavor configuration Kn = 0.99, {K^-i = 
1 — Kii) and e-j^^ = — O.lxeTi and e/^ = Llxe^i with e^i = 10~^. The result is displayed in 
fig. |4] where, in addition to the resulting asymmetry in the flavored case, we also show the 
corresponding asymmetry in the fully aligned case to facilitate the comparison between 
both cases. As can be seen in fig. E^ (left panel) for rhi = 2 x 10~^ eV (regime (a)) flavor 



effects are small, producing only a ~ 5% enhancement. In contrast, for rrii = 5 x 10 ^ 



eV, and given that the flavor configuration we chose satisfies (21), flavor effects produce a 
two orders of magnitude enhancement of the final B — L asymmetry: Y^^^_ = 2.1 x 10^^° 
whereas YT'^^ = 3.1 x 10^®. As in the standard case the effects of flavor could be even 
larger once the muon Yukawa coupling enters into thermodynamical equilibrium since in 
that case two flavor projectors can be simultaneously small. 

As previously discussed, the minimum value of fhi for which flavor effects can produce 
a sizable enhancement of the B — L asymmetry is not unique and depends on the triplet 
mass. Fig. [S] shows the behavior of the B — L asymmetry with fhi. As can be seen 
for Mt = 10^^ GeV flavor effects start playing a role at rhi ~ 10^^ eV and produce a 
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Figure 4: lAs_i(2;)/eT'Q vs 2; for aligned (solid blue line) and flavored (dotted red line) cases 
in the temperature regime 10^° GeV ^ T < 10^^ GeV. The flavored CP asymmetries are 
fixed as e^^ = —0.1 x eTi, e/ = 1.1 x e^^ and e^i = 10~^ whereas the flavor projectors are 
accordingly Kx\ = 0.99 and Kij. = 0.01. 



strong enhancement above this value i.e. well inside the "Yukawa region" (see flg. p^ right 
panel). For M^ = 10^° GeV, as anticipated, the related effects start being relevant for 
larger values of mi, again well within the "Yukawa region". 



3.1 Implications for TeV leptogenesis 

TeV triplets are thermalized by gauge boson mediated annihilations up to 2; ^ 1 (see flg. 
|2|. The generation of the B — L asymmetry in that case proceeds basically above this z 
once the relic fraction that survives annihilation start decaying. Sphaleron interactions 
transform this asymmetry into a B asymmetry up to temperatures T^ec at which their 
reactions are suddenly decoupled by the spontaneous breaking of the SU{2) symmetry [3T] . 
This constraint combined with Yas ~ 10^^° implies the bound M^ >1.6 TeV [23]. This is 
to be compared with the standard resonant leptogenesis framework in which the fermionic 
singlet can have a mass well below the TeV scale. The reason is that while in the standard 
case the efficiency is basically determined by m, in the fermionic triplet scenario there is 
a dependence on Mt that strongly suppress the efficiency when Mt ~ O(TeV). 

Adding flavor effects in the analysis does not allow to relax the bound: in sec. [3] 
we argued that flavor effects can yield a relevant enhancement of the B — L asymmetry 
(flavored efficiencies) only when gauge interactions decouple before Yukawa reactions, 
which requires large values of m, as shown in fig. Is] (right panel). In order to discuss 
how this could take place for TeV triplets let us fix Mt = 10^ GeV. Since the sphaleron 
decoupling temperature is determined by the Higgs mass (m/j) according to Tdec — [80 + 
0.45(m,,/GeV)] GeV (with m^ G [114, 200] GeV) [2S1 E], fixing rrih = 120 GeV sphaleron 
decoupling will take place at z^ec ~ 7.5. At this z Yukawa reactions will overcome gauge 
interactions provided m > 3.5 keV [^ however since no asymmetry could be produced 



^Such values are possible only if the different Yukawa couplings A are highly fine-tunned. 







Figure 5: lA^.^^/eTi as a function of rhi for flavored (dotted red lines) and aligned (solid 
blue line) cases. The upper (lower) dotted and solid curves correspond to Mt^ = 10^^ 
GeV (Mti = 10^° GeV). The flavored CP asymmetries and flavor projectors were fixed 
as in fig. Ill 

until inverse Yukawa decays decouple flavor effects are irrelevant, as this will take place 
much more above ^dec- 

Given that the LHC reach for fermion triplets discovery is around 700-800 GeV [321 El] , 
from the previous discussion, one could be tempted to conclude that any observation of 
fermionic triplets at the LHC would rule out leptogenesis within this framework. This 
however is not entirely correct as the asymmetry might be generated by degrees of freedom 
at higher scales - T2 in triplet scenario for examplq^ In this case, since Ti will not play 
any role in the generation of the B — L asymmetry, the lower limit on Mt^ will no longer 
hold. However, although Ti does not participate in leptogenesis, the asymmetry might 
still be erased by Ti flavor dynamics. The particular flavor structures required to prevent 
too large Ti related washouts may yield particular colhder signals that can be used to 
determine whether leptogenesis might be relevant for the generation of the cosmic baryon 
asymmetry. In the following we will discuss such a possibility. 

Without the loss of generality, we assume the asymmetry is produced by heavy fermion 
triplet (T2) dynamics at scales 10^ GeV < Mt^ < 10^^ QeV. Requiring Mt, < 1 TeV the 
flavored CP violating asymmetries eji are negligible (see eq. (11)) and accordingly Ti 
decays do not generate any asymmetry. Thus, given this triplet mass spectrum, the 
asymmetry is generated by T2 decays (at Z2 = M2/T ~ 1) in the two-flavored regime 
(£^,^2); where £2 is an admixture of muon and electron flavors. The calculation of the 
B — L asymmetry at this stage goes along the same lines as in the case we discussed 
at the beginning of this section, but taking into account that in this case we deal with 
T2 dynamics. Ai z <^ ^2, once muon Yukawa interactions enter in thermodynamical 
equilibrium, the Fa^ produced at z ~ 2:2 remains frozen whereas Fa2 splits into electron 



^This possibility has been studied in the standard case in both, the one flavor approximation [T3| and 
flavored [HI [TS] cases. 
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and muon asymmetries. The splitting, in the case of Y^ = 0, is determined by [15] 

Ya, = #^1a, , (22) 



K' 



22 



with k = e,fi and Zlfc=e,/.-^fc2/-f^22 = 1- 

As the temperature drops and reaches zi = Mt^/T ~ 1, Ti related washout effects 
become effective and are determined by 

'%^ -- ,„'';'. E., E c,:,y.,(.07D, = -^ E cJy.,(.,)A-,(.i)--?, (23) 

where Ki[zi) is the modified Bessel function of first-type, the parameter kh = rhii/m^, 
with m* = 87iv'^H\z-^=i/M^ = 2.25 x 10~^ eV, and the flavor coupling matrix at this stage 
is given by [11] 

/221 -16 -16\ 
C^ = 3- -16 221 -16 . (24) 

' \-16 -16 221/ 

A rough estimate of washout effects can be done by simply neglecting flavor coupling 
i.e. setting C^ = I and assuming the Ti related washout processes are efficient before 



sphalerons decouple below the electroweak phase transition. In that case eq. (23) can 
be analytically integrated and the final baryon asymmetry can be written in terms of 
flavored asymmetries (Y^) generated at a high scale (in T2 decays) and Ti washout 
related damping factors 

Ya, ^ Yl Y'^e-'-^-/'' . (25) 

i=e,/i,T 

Whether the correct amount of baryon asymmetry can be generated therefore depends 
not only on Y^_ but also on the Ti related washout parameters /tji. In particular, for any 
value of y^", there exist Kji > k™^^, for which that particular flavored asymmetry will 
be completely washed out by Ti dynamics before sphaleron decoupling and will thus not 
contribute to Ya^ • Including flavor dynamics and finite sphaleron decoupling temperature. 



the values of k™^^ must be determined numerically, by solving eqs. (23) for a given set 
of Y^, and Mt^ ■ Generically however, taking into account that Ti related washouts are 
relevant only if Hn > 1 we can already distinguish between three cases: 

1. Kii <^ 1 for all flavors. In that case all Ti washout processes are weak and the 
baryon asymmetry is determined by high scale dynamics (of T2 in our scenario). 
Successful leptogenesis is possible in principle depending on the (practically unmea- 
surable) high-scale (T2 related) parameters. 

2. Kji ■^ 1 and Kji ^ 1. The asymmetry in flavor(s) j will now be subject to possibly 
strong washouts due to Ti. However, the asymmetry in flavor (s) i will again be 
completely determined at the high scale (by T2 decays). In general therefore any 
constraints on Kji rely on the assumptions about the size of Y^_. Even if some of 
Y^. would be strongly damped, leptogenesis might (or not) account for the baryon 
asymmetry. 
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Figure 6: Solutions of k™'^^ for given values of high-scale generated lepton asymmetries 
Y^.. See text for details. 

3- Kii > 1 for all flavors. Washout effects are relevant in all the flavors and the 
relevant washout parameters can in principle be constrained, depending on the size 
of Y^, . Once for a given flavor nn reaches k™*^^ the asymmetry in such a flavor will 
not contribute to Yj\j^ implying that the final baryon asymmetry can be given by 

(a) Single flavor: Kji < k'^'''' and H{j,k)i > '^'(^^i 

(b) Two flavors: K{ij)i < i^u'^J)i and Kki > i^^ki^ 

(c) Three flavors: K(e,^,^)i < f^fj^^^r)! 



Finally, in order to determine k™^^ we solve numerically eqs. ( 23 ) for given individual 



Y^, ranging from zero up to 10~ (the largest values are motivated by completeness in 
order to cover possible extreme cases such as resonant leptogenesis and possibly large 
flavor enhancements) and require the final asymmetry YAg{Tdec.) to satisfy the experi- 
mental constraint Yab = [8.52,8.98] x 10"^^ We plot the obtained solutions (which are 
independent of lepton flavor, as can be inferred directly from the lepton flavor permu- 
tation symmetry of eq. (23)) as contours in the plane of M^^ and k^^^ in figure [6] We 
see that successful high scale thermal leptogenesis {Y^. < 10~^) requires kh < 10(500) 
for the Ti masses of Mt^ = 1000(100) GeV. On the other hand, in the extreme case 
Y^, ~ 10~^, Ti washout parameters as large as ku < 50(2000) are allowed for Ti masses 
of Mt, = 1000(100) GeV respectively. 



3.2 Implications for type III see-saw models at Colliders 

Fermionic triplets responsible for neutrino mass generation could be produced directly at 
colliders and thus shed light on the viability of high scale leptogenesis in type III seesaw 
scenarios. Existing studies of triplet production at the LHC [32], [331 El] discuss the 
signals and backgrounds in detail. The main conclusion is that a fermionic triplet with a 
mass up to 700 GeV would be accessible at the LHC running at ^/s = 14 TeV with an 
integrated luminosity of 100 fb~ . The 'smoking gun' signal would be the lepton number 
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Figure 7: Minimum total Ti decay length versus the Ti mass for given values of high-scale 
generated lepton asymmetries Y^.. See text for details. 

violating channel of two same sign leptons and four jets -without missing energy. The 
main SM background comes from ti plus jet events -which can be sufficiently suppressed 
by appropriate cuts on px and missing energy [321 El]- 

The flavored decay rates of the triplet are proportional to its Yuka-wa couplings to light 
leptons. Therefore, small Yukawa values imply a long lived particle, resulting in displaced 
secondary vertices in collider detectors. In type III scenarios, the proper decay length of 
the lightest triplet can range up to ~ 10 mm in the minimal setups [31] and more than a 
meter if three triplets are introduced alltogether |32j . 

Obviously in the limit of vanishing Yukawa couplings, also the associated washout 



effects vanish as seen in eq. (25). In order to quantify the threshold, where the washout 
becomes relevant we use eq. (|6j) for the triplet partial decay width to a given lepton flavor. 
The expression is written in an SU{2) invariant way and thus valid in the heavy triplet 
limit {Mtj^ ^ v). Close to the electroweak symmetry breaking scale, one needs to work 
in the mass eigenbasis and take into account kinematic corrections due to finite W, Z and 
Higgs masses resulting in [38] 



fn{x) 



10"^2 K, 



Mr 



Ti 



2/: 



[l-x 



1 TeV 

2^2q + 2na;2)e(l-x 



mw 



/i 



mz 



M' 



Ti 



+ /o 



rrih 
Mt, 



GeV , (26) 

(27) 



Inserting k™^^ derived in the previous section into the above triplet decay rate (and 
summing over lepton fiavors) gives a lower bound on the proper lifetime of a democratically 
decaying Ti [k^ — k^ c:^ Kt) as a function of Mt^ which is shown in figure u\ We observe 
that kinematic effects are important for triplet masses below 150 GeV where also our 
estimates for the washout cease to be reliable. 

Although the experimental resolution of the secondary vertex in the LHC experiments 
strongly depends on the flavor composition of the decay, it should allow to reconstruct 
a secondary vertex due to a triplet to no better than around 100 /zm in the direction 
orthogonal to the beam axis [32]. Therefore, seeing a triplet induced displaced vertex at 
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the LHC certainly implies cases [I] or 3(c) of the previous section - a long lived triplet 
accessible at the LHC is consistent with high scale leptogenesis accounting for the cosmic 
baryon asymmetry. 

On the other hand, completely excluding a pre-existing leptonic asymmetry at the 
LHC seems quite challenging, even for Y^, = 10~^ as allowed by high scale thermal 
non-resonant leptogenesis. Cases |2, 3a and|3b]are all characterized by a relatively short 
lived triplet with its proper length below 10/im for M^^ > 150 GeV. The maximum 
proper length excluding the survival of any lepton asymmetries for a given triplet mass 
is reached for approximately equal decay branching ratios into all lepton flavors. The 
required improvement in the secondary vertex resolution for this case might be offered by 
the proposed ILC experiment |35]. Triplets of a couple hundred GeV may be produced 
copiously at the ILC with a total cross section a ~ (9(100 fb) [M]. If the proposed 
detector requirements [33] were realized, the vertexing resolution would be roughly 1/3 
of the LHC's detectors which is close to the interesting region discussed abovejj [35j. 

Finally, if one or more of the flavored branching ratios is suppressed, a lepton asym- 
metry may survive in that particular channel. In this case, the Ti lifetime may be even 
smaller than indicated in fig. [7], beyond any realistic detector resolution. The condition 
of surviving lepton asymmetry can then be phrased in terms of an upper bound on the 
smallest flavored branching ratio, depending on the Ti mass and total width. Experimen- 
tally the least favorable case is in the transition region between the two regimes, where 
the proper decay length of the triplet is below the experimental resolution while the hi- 
erarchy between the different flavored branching ratios is not very pronounced, making 
definite statements about the viability of high scale leptogenesis difficult. This situation is 
visualized in fig. p^for representative values of Y^, and for Mtj = 300 GeV. Note also that 



^Note that in the detector reference frame, decay lengths of particles of a couple of hundred GeV may 
receive sizable boost factors. 
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in order to discriminate between the cases 3a and 3b, and the parameter region where 



high scale leptogenesis is ruled out, all three leptonic decay channels of Ti would need to 
be measured or at least experimentally constrained. 

3.3 Implications for lepton flavor violation in minimal type III 
(+1) see-saw models 

Recently, it has been shown, that a mixed type I+III see-saw model with a single fermionic 
singlet and triplet below the TeV scale naturally arises in a particular grand unified 
scenario [2Zl EH]- It belongs to a class of so-called 'minimal' type I and III see-saw 
scenarios, where the light neutrino mass matrix due to the mixing with only two heavy 
Majorana states is of rank 2 and the lightest neutrino remains (almost) massless. A 
particularity of such models is that the neutrino mass scale is fixed and that all the 
interactions of the heavy mediators are fixed in terms of the measured neutrino oscillation 
data, a single physical Majorana phase and a complex parameter z |1D], which is the single 
complex rotation angle in the 2x2 orthogonal matrix i? introduced in eq. (IS]) (we employ 
conventions as defined in [JlJ). The presence of TeV scale triplets can induce lepton 
fiavor violating (LFV) processes which, in the minimal models, are all correlated and 
their magnitude scales exponentially with Im^;. The greatest sensitivity is exhibited in 
the /i — e sector by the nuclear conversion experiments, yielding present bounds of the 
order Im^; < 7 for the lightest triplet mass of M^ = 100 GeV [H]. The proposed next 
generation PRISM/PRIME experiments |12] are expected to improve the sensitivity down 
to Im z < 4 for the same triplet mass. 

From the discussion in the previous sections it is clear, that minimal type III models at 
the TeV scale cannot mediate successful leptogenesiqj However, the requirements that the 
fiavor dynamics of the TeV scale triplets do not wash out any lepton number asymmetries 
generated at a higher scale by other mechanisms can in these models be phrased entirely 
in terms of Mt and z. As such they can then be correlated with the projected sensitivity 
of future LFV experiments. In particular for the minimal I+III see-saw scenario we 
plot the constraints imposed by allowing for a high scale lepton asymmetry to survive 
triplet related washouts for a given Y^ = X^j^a^ ^^ the parameters of the model (Im^; 
and Mt) and superimpose them onto the projected sensitivity of future fi — e conversion 
experiments. In this procedure we marginalize over unknown phases, individual Y^. (while 
keeping their sum fixed) and also Kez. The results are shown in figure [o] for normal (on 
the left side) and inverted (on the right side) neutrino mass hierarchy. The results for 
the minimal pure type III models are similar. We observe that in the minimal models, 
requiring a high-scale lepton asymmetry to survive triplet related washouts rules out 
LFV effects which could be detected in the foreseeable future. Conversely, observation of 



®It has been proposed that resonant leptogenesis could be viable in the TeV scale minimal I+III 
model [38'. At first glance, it seems like an interesting possibility, since the fermionic singlet mediator 
would not suffer from the gauge reaction related strong washouts plaguing TeV triplet leptogenesis. 
However, at temperatures above the electroweak phase transition the mixing between SU{2) singlets 
and triplets is highly suppressed and a large resonant enhancement due to the interference with the 
wavefunction diagram in figure 1 cannot occur [39j . 
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given Y^) and projected fi — e conversion sensitivity of PRISM/PRIME |12] (shaded 
area) on the parameters of the minimal I+III model (Imz and Mr). See text for details. 

minimal see-saw models at the LHC and detection of the associated LFV signals in the 
next generation of /z — e nuclear conversion experiments would disfavor leptogenesis as 
the mechanism for the generation of the cosmic baryon asymmetry. 

Finally, within minimal scenarios, LHC (and ILC) may yield additional information on 
the size of the Yukawa couplings. Since in order to have an effective washout, Im z > 1 
is required as seen on fig. |9] for both normal and inverted hierarchies, predictions for 
correlations between different flavored branching ratios emerge, as discussed at length 
in [3l]. For example, in the case of a small ^13 [38] the inverted hierachy gives a clear 
prediction 

tan^ ^,3, (28) 



Br(/x) 



''23; 



and measuring the electron channel may disprove a large value of Im z. A similar state- 
ment, although less elegant, can be made in the case of normal hierarchy, where Br(e) 
and the total decay width is a function of z only. 

4 Conclusions 

The generation of a lepton asymmetry, via the decays of fermionic SU{2) triplets, can 
take place in two possible regimes: a "gauge regime" in which gauge reactions decouple 
at lower temperatures than Yukawa induced inverse decays. In that case the relic frac- 
tion of triplets that survives the gauge boson mediated annihilation processes will decay 
producing an amount oi B — L asymmetry whose value will strongly depend on Mt- Con- 
versely, in the "Yukawa regime", at low temperatures, the triplet distribution is driven 
to thermal equilibrium by Yukawa inverse decay processes, even after gauge interactions 
have switched off. In contrast to the "gauge regime" , in this case the amount oi B — L 
generated in T decays is not sensitive to Mt and is fixed by m. We have determined 
the m — Mt regions that define both regimes. After identifying these regions we have 



16 



studied the effects of light lepton flavors on the generation of the B — L asymmetry. We 
have shown that in the "gauge regime" the effects have a minor influence as they barely 
reach fractions of a percent. Instead, in the "Yukawa regime", as in the standard case, 
the enhancement of the final B — L can be large, readily reaching the order of magnitude 
level. 

We have shown that the requirement of successful Ti leptogenesis constrains the dy- 
namics of TeV triplets to lie in the "gauge regime" , and therefore the inclusion of light 
lepton flavor effects in the calculation of the B — L asymmetry has basically no significant 
effect. This implies that even after including flavor the bound Mt^ > 1.6 TeV, found in 
the one flavor approximation [23], still holds. Since fermionic triplets will be produced 
at the LHC if their masses are below ~ 1 TeV [32] their observation will automatically 
preclude them from explaining the Cosmic baryon asymmetry via Ti leptogenesis. How- 
ever, it will not necessarily exclude the case for high scale leptogenesis, due to T2 or other 
mechanisms. In fact, as we have argued, the B — L asymmetry can be built up at a very 
early age (T ;^ MtJ and can possibly survive Ti washout processes. We have shown 
that Ti collider observables could, in principle, be used either to strengthen or rule out 
the case for high scale leptogenesiaj (there have been recent related attempts to invali- 
date leptogenesis [13] or high scale baryogenesis [53] using collider observables). Finally, 
we have shown how in minimal see-saw models, LFV observables can also be employed 
in order to over-constrain the region of parameters of TeV scale Majorana electroweak 
triplets allowing for successful high scale leptogenesis. 
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A Conventions and notation 

In this appendix we fix our conventions and present the relevant equations used in the 
calculations discussed in sections [2] and [3] Some of the formulae are quite standard, 
however, for completeness, we include them. As has been mentioned we used Maxwell- 



^Note that a similar argument could apply for other mechanisms of high scale baryogenesis, since 
sphaleron processes will tend to equilibrate any B asymmetry with L, which could in term be washed 
out by light Majorana triplet interactions. 
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Boltzmann distributions for the equilibrium number densities, namely 



eq/ ^ Mrp K2{z) 



TT^ 



2M| 

^2 ~;3 



(29) 



where z = Mt/T and K2{z) is the modified Bessel function of the second- type. With this 
approximation the energy density p{z) and pressure p{z) becomes 



P{z) 



3M| 

^%2 



9* , P{z) 



M| 



4 oi'* ' 



9* 



(30) 



where f?* = J2i=Aii species fi'i is ^^^ number of standard model relativistic degrees of freedom 
(118 for T ^ 300 GeV). Accordingly, the expansion rate of the Universe and entropy 
density can be written as 



H{z) 



8g, M^ 1 



4M| 
s{z) - 



z^tt"^ 



9* 



The decay and annihilation reaction densities in eqs. ( 14 ) and ( 15 ) are given by 

1 M^^^K,{z) 






Stt^ v"^ z 

""^ , ^/xKi{z^)aA{x) 

. A , dx 

647r4 J, z 



Mi 



(31) 

(32) 
(33) 



where Ki{z) is the modified Bessel function of first-type and x = s/M^. The reduced 
cross section in (33 ) accounts for the gauge boson mediated s-channel processes TaTa -H- C-I 



and TaTa ^ qq and the t and u-channel triplet mediated process TaTa ^ A^A'^ {A^^ 
W^,Bf^). For a^(x) we used the expression given in ref. [2T] : 



aA{x) = l + -rH 

7r V X J Tt 



4 4 
3(1 + 

X x^ 



'°<^iT^)-('+7"- 



(34) 



with r = a/1 — 4/x. 



Neglecting fiavor coupling, i.e C = I eq. (15) can be analytically integrated (by using 



its integrating factor). Assuming a vanishing initial asymmetry {Y^,{zq) = 0) the result 
reads 

Y^Xz) = -e'TYl\zo)v^aiz) . (35) 

The fiavored efficiency function r]ia{z) determines the evolution of the Aj asymmetry at 
any z. Using the approximation Yt^(z) + Yrp'^(z) ~ 2Yrp'^{z) it can be written as 



Via[Z) 



7d, 



Y^^i^o) Jzo ~ ID^ + 27A. dz' 
where freeze-out of Aj takes place at Zf [zq <^ Zf) and 



dYrA^') ^- j2^ /;, dz"PUz") 



(36) 



njz) 



K,. 



IdAz) 



2YI'''(z) s(z)H(z)z 



(37) 



For temperatures T > 10^^ GeV, for which the flavor composition of the lepton doublet 
states is irrelevant, Ki^ = 1. 

The final B — L asymmetry is determined according to 

1a,_, = E ^a, = 3 X ^ e'^Y^^{zo)mo.{zs) , (38) 

i=e,fj,,T i=e,fj,T 

where rjiaizf) defines the efficiency factor for flavor i and the factor 3 comes from the 
triplet degrees of freedom. 

References 

[1] G. Hinshaw et al. [WMAP Collaboration], Astrophys. J. Suppl. 180, 225 (2009) 
(^rXiv:0803.0732, [astro-ph]]. 

[2] A. D. Sakharov, Pisma Zh. Eksp. Teor. Fiz. 5 (1967) 32 [JETP Lett. 5 (1967 
SOPUA,34,392-393.1991 UFNAA,161,61-64.1991) 24]. 

[3] A. D. Dolgov, Phys. Kept. 222, 309 (1992). 

[4] V. A. Kuzmin, V. A. Rubakov and M. E. Shaposhnikov, Phys. Lett. B 155, 36 (1985). 

[5] P. Minkowski, Phys. Lett. B 67 421 (1977); T. Yanagida, in Proc. of Workshop on 
Unified Theory and Baryon number in the Universe, eds. O. Sawada and A. Sug- 
amoto, KEK, Tsukuba, (1979) p. 95; M. Gell-Mann, P. Ramond and R. Slansky, in 
Supergravity, eds P. van Niewenhuizen and D. Z. Freedman (North Holland, Ams- 
terdam 1980) p. 315; P. Ramond, Sanibel talk, retroprinted as |hep-ph/980945"9 ; S. L. 



Glashow, in Quarks and Leptons, Cargese lectures, eds M. Levy, (Plenum, 1980, New 
York) p. 707; R. N. Mohapatra and G. Senjanovic, Phys. Rev. Lett. 44, 912 (1980). 

[6] M. Fukugita and T. Yanagida, Phys. Lett. B 174, 45 (1986). 

[7] For a review on standard leptogenesis see: S. Davidson, E. Nardi and Y. Nir, Phys. 
Rept. 466, 105 (2008) |arXiv:0 802.2962| [hep-ph]]. 

[8] R. Barbieri, P. Creminelh, A. Strumia and N. Tetradis, Nucl. Phys. B 575, 61 (2000) 
(for the updated version of this paper see |a rXiv:hep-ph/9911315j ). 

[9] G. F. Giudice, A. Notari, M. Raidal, A. Riotto and A. Strumia, Nucl. Phys. B 685, 
89 (2004) |ar Xiv:hep-ph/0310123] . 

[10] A. Abada, S. Davidson, A. Ibarra, F. X. Josse-Michaux, M. Losada and A. Riotto, 



JHEP 0609 (2006) 010 |arXiv:hep^h/0605281f 



[11] E. Nardi, Y . Nir, E. Roulet and J. Racker, JHEP 0601, 164 (2006) |arXiv:hep- 



ph/0601084'l; A. Abada, S. Davidson, F. X. Josse-Michaux, M. Losada and A. Riotto, 
JCAP 0604 (2006) 004 | arXiv:hep-ph/0601083j . 



19 



[12] E. Nardi, Y . Nir, J. Racker and E. Roulet, JHEP 0601, 068 (2006) |arXiv:hep- 
|ph/0512052]. 



[13: 

[14 

[15 
[16 

[17: 

[18 
[19 
[20 

[21 

[22 

[23 
[24 

[25 

[26 

[2?: 
[28: 

[29 

[30 
[31 



P. Di Bari, Nucl. Phys. B 727, 318 (2005) | arXiv:hep-p h70502082 1 . 

G. Engelhard, Y. Grossman, E. Nardi and Y. Nir, Phys. Rev. Lett. 99, 081802 
(2007) [arXiv:hep-ph/0612187] ; O. Vives, Phys. Rev. D 73, 073006 (2006) [arXiv:hep-| 
|ph/0512160| . 



S. Antusch, P. Di Bari, D. A. Jones and S. F. King, |arXiv: 1003.5132] [hep-ph]. 

J. Schechter and J. W. F. Valle, Phys. Rev. D 22, 2227 (1980); G. Lazarides, Q. Shafi 
and C. Wetterich, NucL Phys. B 181, 287 (1981); R. N. Mohapatra and G. Sen- 
janovic, Phys. Rev. D 23, 165 (1981); C. Wetterich, NucL Phys. B 187, 343 (1981); 

R. Foot, H. Lew, X. G. He and G. C. Joshi, Z. Phys. C 44, 441 (1989). 

T. Hambye and G. Senjanovic, Phys. Lett. B 582, 73 (2004) |arXiv:hep-ph/030723 7| . 



S. Antusch and S. F. King, Phys. Lett. B 597, 199 (2004) |arXiv:hep-ph70405093]. 



S. Antusch, Phys. Rev. D 76, 023512 (2007) |arXiv: 0704. 15911 [hep-ph]]. 

T. Hambye, Y. Lin, A. Notari, M. Papucci and A. Strumia, NucL Phys. B 695, 169 



(2004) |ar Xiv:hep-ph/0312203| . 

W. Fischler and R. Flauger, JHEP 0809 (2008) 020 |arXiv:0805.3000l [hep-ph]]. 

A. Strumia, NucL Phys. B 809, 308 (2009) |arXiv:0806.1630l [hep-ph]]. 



A. Pilaftsis and T. E. J. Underwood, NucL Phys. B 692, 303 (2004) | arXiv:hep- 
[ph/0309342] . 



A. Pilaftsis and T. E. J. Underwood, Phys. Rev. D 72, 113001 (2005) |arXiv:hep- 
|ph/0506107j. 

T. Schwetz, M. Tortola and J. W. F. Valle, New J. Phys. 10, 113011 (2008) 
|arXiv:0808.2"0l6| [hep-ph]]. 



J. A. Casas and A. Ibarra, Nucl. Phys. B 618, 171 (2001) || arXiv:hep-ph/010 3065|. 

L. Covi, E. Roulet and F. Vissani, Phys. Lett. B 384, 169 (1996) | arXiv:hep^ 
p/9605319] . 



E. Nardi, J. Racker and E. Roulet, JHEP 0709, 090 (2007) | arXiv:0707.0378| [hep- 
ph]]. 

J. A. Harvey and M. S. Turner, Phys. Rev. D 42, 3344 (1990). 

Y. Burnier, M. Laine and M. Shaposhnikov, JCAP 0602, 007 (2006) |arXiv:hep- 



ph/0511246| . 

20 



[32] 

[33] 

[34] 

[35] 
[36] 
[37] 
[38] 

[39] 
[40] 
[41] 
[42] 

[43] 
[44] 



R. Franceschini, T. Hambye and A. Strumia, Phys. Rev. D 78, 033002 (2008) 
[arXiv: 0805 .16131 [hep-ph]]. 



F. del Aguila and J. A. Aguilar-Saavedra, Nucl. Phys. B 813 (2009) 22 



arXiv:0808.2468| [hep-ph]]. 
A. Arhrib, B. Bajc, D. K. Ghosh, T. Han, G. Y. Huang, I. Puljak and G. Senjanovic, 



arXiv:0904.2390 [hep-ph]. 



T. Behnke et al. [ILC Collaboration], arXiv:0712.2356 [physics. ins-det]. 



G. Aad et al. [The ATLAS Collaboration], |arXiv:0901.0512| [hep-ex]. 

B. Bajc and G. Senjanovic, JHEP 0708 (2007) 014 |arXiv:hep-ph/061202^ . 

B. Bajc, M. Nemevsek and G. Senjanovic, Phys. Rev. D 76 (2007) 055011 [ arXiv:hep- 
[ph/0703080] . 



S. Blanchet and P. Fileviez Perez, JCAP 0808 (2008) 037 |arXiv:0807.3740 [hep-ph]]. 



A. Ibarra and G. G. Ross, Phys. Lett. B 591 (2004) 285 |arXiv:hep-ph/0312138]. 



J. F. Kamenik and M. Nemevsek, JHEP 0911 (2009) 023 |arXiv: 0908. 3451] [hep-ph]] . 

http://j- 



arXiv:physics/0611124 



http://j- 



C. Ankenbrandt et al, 

parc.jp/NuclPart/pac_0701/pdf/P21-LOI. pdf; 
,parc.Jp/NuclPart/pac_0606/pdf/p20-Kuno.pdf| 

J. M. Frere, T. Hambye and G. Vertongen, JHEP 0901 (2009) 051 |arXiv: 0806. 0841 
[hep-ph]]. 

S. Blanchet, Z. Chacko and R. N. Mohapatra, Phys. Rev. D 80, 085002 (2009) 



|arXiv:0812.3837| [hep-ph]]. 



21 



